Race I isolates of Cochliobolus carbonurn are pathogenic on certain maize lines due to production of a host-selective cyclic tetrapeptide, HC-toxin. Flanking HTS7, which encodes the central enzyme in HC-toxin biosynthesis, a gene was identified and named TOXA. Like HTSl, TOXA occurred only in isolates of the fungus that make HC-toxin and was present as two linked copies in most toxinproducing isolates. HTSl and TOXA were transcribed in the opposite orientation and their transcriptional start sites were 386 bp apart. The predicted product of TOXA was a 58 kDa hydrophobic protein with 10-13 membrane-spanning regions. The sequence was highly similar to several members of the major facilitator superfamily that confer resistance to tetracycline, methylenomycin, and other antibiotics. Although it was possible to mutate one copy or the other of TOXA by targeted gene disruption, numerous attempts to disrupt both copies in a single strain were unsuccessful, suggesting that TOXA is an essential gene in strains that synthesize HC-toxin. On the basis of its presence only in HC-toxin-producing strains, its proximity to H7Sl and its predicted amino acid sequence, we propose that TOXA encodes an HC-toxin efflux pump which contributes to self-protection against HC-toxin and/or the secretion of HC-toxin into the extracellular milieu.
INTRODUCTION
Race 1 strains of the maize pathogen Cochliobolus carbonma (imperfect stage Helrninthosporiurn carbonurn or Bipolaris xeicola) preferentially parasitize maize of genotype hrnlhrn due to the production of a host-selective phytotoxin, HCtoxin (Scheffer & Ullstrup, 1965) . Race-l-type fungal virulence and HC production co-segregate as a single Mendelian locus called TOXZ (Bronson, 1991 ; Walton e t al., 1994) . HC-toxin is a cyclic peptide, cyclo(D-Pro-L-Ala-D-Ala-LAeo), where Aeo is 2-amino-8-oxo-9,l O-epoxidecanoic acid. It is produced non-ribosomally by a 570 kDa cyclic peptide synthetase, HTS (Walton & Holden, 1988) tTOXA-l+ and TOXA-2+ are wild-type alleles ; TOXA-1-and TOXA-2-are disrupted TOXA alleles. $ Selectable markers contained in the plasmids used for disruptions. § In this particular strain, hph and amdS are integrated at HTSI-1 and HTSI-2, respectively (Panaccione et al., 1992) .
and HC1309 were originally obtained from Kurt Leonard, University of Minnesota ; and field isolates CC141, CC151, CC161, CC171, CC181, CCllOl and C C l l l l were obtained from Larry Dunkle, Purdue University. Strains were grown and maintained as previously described (Walton & Holden, 1988) . Crosses were performed as described for Cochliobolw heterostrophtls (Yoder, 1988; Tzeng e t al., 1992) .
Nucleic acid manipulations.
Isolation of plasmid DNA, and DNA and RNA blotting were done following standard techniques (Sambrook e t al., 1989) . Fungal genomic DNA was isolated from lyophilized mycelial mats grown for 4-7 d in either modified Fries' medium (Walton et al., 1982) or potato dextrose broth (Difco). The DNA extraction protocol was a modification of the method of Saghai-Maroof e t al. (1984) . Lyophilized mycelial mats (0.5-1.0 g) were pulverized with 5 ml glass beads (3 mm diameter) in a disposable 50 ml conical centrifuge tube. Ten millilitres DNA extraction buffer [lo0 mM Tris/HCl, pH 7.5; 1 %, w/v, CTAB (hexadecyltrimethylammonium bromide) ; 0.7 M NaCl ; 10 mM EDTA ; 1 %, v/v, 2-mercaptoethanol; 0.3 mg proteinase K ml-'1 was added to the powdered mycelia, mixed gently, and the mixture incubated at 65 OC for 30 min. The extracts were cooled prior to the addition of an equal volume of chloroform/isoamyl alcohol (24: 1, v/v), gentle mixing and centrifugation in a clinical centrifuge (14OOg) for 15 min at 4 "C. The aqueous supernatant was recovered and the nucleic acids were precipitated with an equal volume of 2-propanol. Gentle mixing resulted in the precipitation of high molecular mass DNA, which was recovered by spooling with a glass rod or hook. The DNA was rinsed in 75 % (v/v) ethanol containing 10 mM ammonium acetate, pH 7.5, and resuspended in T E (10 mM Tris/l mM EDTA, pH 8.0) containing 20 pg RNase A ml-'.
Total C. carbonum RNA was isolated from lyophiliaed mycelial mats by the acid guanidinium thiocyanate method (Chomczynski & Sacchi, 1987) . A C. carbonzlm cDNA library was made from polyA+-RNA isolated from mycelial mats grown for 8 d in modified Fries' medium supplemented with 1 % (w/v) maize (Zea nag$) cell walls (Sposato et al., 1995) as the carbon source.
The library was constructed in the phagemid vector Uni-Zap XR with the Zap-cDNA synthesis kit (Stratagene). The cDNA library made with polyA+-RNA from C. carbont/m grown on sucrose and the phage genomic library from which cDNA 139 and genomic subfragments, respectively, were isolated have been described previously (Scott-Craig e t al., 1990 .
Cloning, sequencing and 5'-end-mapping. A 680 bp ScaI fragment from pCC45 (indicated as ' 45 ' in Fig. 1 of Panaccione e t al., 1992) was used as a probe to isolate a 1996 bp cDNA, pTAC-1, from a cDNA library prepared from mRNA extracted from C. ~at-bontlrn grown on maize cell walls. The T O X A cDNA and genomic clones were used to create a set of exonuclease 111 deletion clones (Henikoff, 1984 ) generated by the Erase-a-Base system (Promega). These were sequenced on an ABI 373A automated sequencer (Perkin Elmer) at the DOE-PRL-MSU Sequencing Facility. The 5' ends of TOXA and HTSl were mapped using the 5' Amplifinder RACE kit from Clontech (Frohman e t al., 1988) .
Transformation-mediated gene disruptions. TOXA disruptions were performed by homologous integration of disruption vectors bearing either the hph gene (Shafer et al., 1989) or the amdS gene (Hynes e t al., 1983) as selectable markers for transformation. hph confers resistance to hygromycin B (HygR), and amdS confers the ability to grow on acetamide (Ace+) as the sole nitrogen source. Transformation and selection for HygR and Ace+ were as described previously (Panaccione et al., 1992; Scott-Craig e t al., 1990 ). The T O X A disruption plasmid pCC151 (54 kb) was constructed by ligating the 298 bp Stt/I-ScaI fragment from pCC45 (see Fig. 1 ) into the SmaI site of pUCHl (Shafer e t al., 1989) . pCC151 was linearized with NaeI, which cuts within the TOXA fragment, prior to C. carbonurn transformation. pCA-8 was constructed by ligating the 680 bp ScaI fragment from pCC45 into the Klenow-polymerase-blunted Hind111 site of pAMD-72. pAMD-72 was constructed by ligating the 4 kb Sall-KpnI amdS fragment from pAMDl (Hynes et al., 1983) into pSP72 (Promega) that had been digested with Sall. and KpnI. pCA-8 was linearized with StuI, which cuts within the TOXA fragment, prior to C. carbonum transformation. pJP21 (7-4 kb) was constructed by ligating the 707 bp NruI-PvuII fragment from TOXA (see Fig. 1 ) into the Klenow-polymerase-blunted Hind111 site of pAMD-72. pJP21 was linearized with HindIII, which cuts within the T O X A fragment, prior to C. carbotaum transformation.
Analysis of transformants. Primary HygR transformants were transferred to V8-juice agar plates containing 100 units hygromycin B ml-' (referred to as V8-hyg plates). Transformants were purified by two rounds of single conidiospore isolation. Germinating single spores were isolated by streaking mature spores onto plates containing modified Fries' medium (Walton et al., 1982) plus 0.8% sorbose, 0.4% sucrose and 100 units hygromycin B ml-' (SF-hyg plates). To aid in the separation of the highly hydrophobic conidiospores, 50 pl 0.1 YO Tween 20 was placed on the plate, and the spores were mixed with it in the primary streak with an inoculating loop and then spread over the surface of the plate. After 12-16 h growth, isolated germinating conidia were transferred to V8-hyg plates. Primary Ace+ transformants were transferred to acetamide plates (Hynes et al., 1983) . After the primary transformants had covered the acetamide plates, they were transferred to V8-juice plates for conidiation (C. carbonurn does not conidiate well on acetamide plates), and single spore purification was done as above, except that the isolated conidia were transferred to acetamide plates followed by V8-plates after each single spore purification step. Purified transformants were initially analysed by DNA blotting, and subsequently for pathogenicity on susceptible maize (Panaccione et al., 1992) and for HC-toxin production in the culture filtrates by HPLC and TLC (Walton et al., 1982; Rasmussen & Scheffer, 1988) . carbonurn. Total DNA was digested with BarnHI, electrophoresed, transferred to nylon and probed with a 680 bp Scal genomic T O M fragment (see Fig. 1 ) under high stringency. Race 1 isolates produce HC-toxin, whereas race 2 and race 3 isolates do not. Sizes of DNA standards are shown on the left in kb. between the insert of p JP13 and the previously sequenced 5' HTSl region (Scott-Craig et al., 1992) was also sequenced to verify that the sequences were contiguous between these two regions. The short T O X A cDNA, 139, was also sequenced from both strands, and the longest T O X A cDNA (pTAC-1) was sequenced in the sense strand only (Fig. 2) .
RESULTS

Cloning
By comparison of the genomic and cDNA copies of TOXA, the gene contains three short introns that contain the characteristic 5' splice junction, 3' splice junction and internal lariat consensus sequences observed in genes from C. carbomm and other filamentous fungi (Edelmann & Staben, 1994) . In contrast, HTSl apparently contains no introns (Scott-Craig e t a/., 1992). The length of the 5' untranslated region of HTSl is 164 nt and that of T O X A is 146 nt (Fig. 2) . TOXA and HTS7 are transcribed in opposite directions, and their transcriptional start sites are 386 bp apart (Fig. 2) .
Presence of TOXA only in TOX+ isolates
Sixteen independent field isolates of C. carbonzrm were tested for the presence of DNA hybridizing to TOXA. T O X A was present in all Tox' isolates (which all also containHTS7; Panaccioneetal., 1992; J.-H. Ahn & J. D. Walton, unpublished results) but not detected in any toxin non-producing strain tested (Fig. 3) . In the progeny of a cross between SB11 l a and SB114A, T O X A co-segregated with HC-toxin production, pathogenicity and HTS 1 (data not shown; Panaccione e t al., 1992).
Like HTS7, T O X A was present in at least two copies in all Tox' strains that have been analysed. We have never found any restriction enzyme polymorphisms within the 22 kb Tax+-unique regions that can distinguish one copy of HTS7 (and its associated copy of TOXA) from the other. However, restriction enzymes that generate fragments that cross the border between DNA that is Tax+-unique and DNA that is common to Tox' and Toxisolates are usually polymorphic between the two copies.
Of 22 restriction enzymes with 6 base recognition sequences, only ApaI can distinguish the two copies at the 5' end of HTSl when a probe internal to HTSl (e.g. the insert of pCC48, see Panaccione e t al., 1992) is used. However, since T O X A is closer to the 5' junction between DNA that is Tox'-unique and DNA that is common to Tox' and Tox-isolates, a probe from within TOXA can distinguish the two copies with many more 6 base restriction enzymes. As shown in Fig. 3 , BamHI generates size polymorphisms between the two copies in several isolates of C. carbonum. Analysis with other enzymes (e.g. ApaI, NotI) that do not cut within TOXA shows that all of the isolates shown in Fig. 3 do, in fact, contain at least two copies of T O X A (data not shown).
All of these isolates also contain at least two copies of
In culture, HC-toxin is produced constitutively from the time of spore germination for at least 25 d. Maximum extractable HTS activity occurs from 3 to 6 d (Walton & Holden, 1988) . From 4 to 6 d, T O X A mRNA was present in isolate SBllla (Tox') at roughly constant levels. As expected, no T O X A mRNA was detectable in isolate SB114A (Tox-) (Fig. 4) .
Analysis of the TOXA product
The open reading frame of T O X A predicts a protein of 548 amino acids with a molecular mass of 58 kDa. The protein is highly hydrophobic, and secondary structure
Cochliobol~s carbonzm cyclic peptide efflux pump analyses predict 10 (Kyte & Doolittle, 1982) or 13 (Jones e t al., 1994) membrane-spanning domains (Fig. 5) . The current protein databases were searched with the deduced amino acid sequence of TOXA using BLAST (Gish & States, 1993) . Strong similarities were found to many small molecule efflux pumps from eubacteria, several species of Streptomyes and yeast. All of these proteins export small molecules and show sequence and secondary structure similarities to tetracycline resistance pumps (Neal & Chater, 1987; Eckert & Beck, 1989; Guilfoile & Hutchinson, 1992a) . The amino acid alignments of the product of TOXA to two of the most similar proteins are shown in Fig. 6 . SGEl confers resistance to crystal violet [and also apparently to 1 0-N-nonyl acridine orange (GenBank X77765)l in yeast (Ehrenhofer-Murray e t al., 1994) and mmr encodes a gene in the methylenomycin biosynthetic gene cluster that confers resistance to that antibiotic (Neal & Chater, 1987) . A motif that is conserved in all three proteins, FXXNLPIGA, is also found in emrA of Escbericbia culi, which confers multidrug resistance (Lomovskaya & Lewis, 1992 ; GenBank M86657), and in a gene conferring resistance to benomyl and methotrexate in Candida albicans (Fling e t al., 1991 ; GenBank X53823).
The secondary structure analysis and the amino acid sequence similarity data indicate that TOXA encodes an integral membrane protein that belongs to the drug resistance protein family of the major facilitator superfamily of transmembrane proteins (Marger & Saier, 1993) . Members of this class are highly hydrophobic and typically have 12 membrane-spanning domains. The presence of TOXA only in Tox' isolates, its proximity to HTS 7 and its similarity to membrane-localized drug resistance pumps suggest that the TOXA product is involved in the secretion of HC-toxin across the plasma membrane of C. carbontlm.
Transformation-mediated gene disruption of TOXA
To explore the function of TOXA, we attempted to disrupt both copies by transformation-mediated homologous gene disruption. Transformants were obtained in which pCCl51, which contains an internal fragment of TOXA ( Fig. 1 ) and a gene, b b, conferring resistance to hygromycin (phenotype Hyg ), had integrated at either copy 1 (referred to as TOXA-1) or copy 2 (TOXA-2).
BgA digests of genomic DNA indicated that the transformant strains 151N7.2a and 151N5.2a bear disruptions at TOXA-1 and TOXA-2, respectively (Fig. 7) . Strain 151N5.2a lacks the 13 kb TOXA-2 Bglr fragment, and contains three new BgA fragments (15,4*9 and 2.2 kb) that hybridize with a TOXA probe. This pattern is consistent with a tandem integration of at least two copies of pCC151 into TOXA-2. Strain 151N7.2a lacks the 16 kb TOXA-1 Bgh fragment and has three new bands (17,4.9 and 2-2 kb) which are consistent with a tandem integration of pCCl51 into TOXA-1. Of the nine transformants with TOXA disruptions, none were found that were disrupted in both copies of TOXA. When either TOXA-1 or TOXA-2 was disrupted, TOXA mRNA was still present as determined by RNA blotting (data not shown).
Strains with either one or the other copy of T O X A
disrupted were tested for HC-toxin production and for altered pathogenicity. Several different single TOXA disruptants (392-4aY T394-4A, T469-la and T470-18A; see Table 1 ) were tested several times on leaves of maize of genotype bm/bm over the course of several months in the greenhouse. Regions of the leaves with different lesion densities were observed daily for up to 2 weeks, by which point plants infected with either the TOXA disruptants or the wild-type (strains SBllla or 243-1A) had been completely killed by the pathogen. Plants infected with single TOXA disruptants showed no observable differences in lesion morphology, lesion size or lesion number compared to wild-type controls inoculated at the same time.
Single TOXA disruptant strains were grown in culture and tested for HC-toxin production (Walton e t al., 1982) . No reproducible differences were seen in the amount of HC-toxin in culture filtrates of the disruptant strains compared to a wild-type strain grown in parallel (data not shown).
A new TOXA disruption vector, pCA-8, was constructed by subcloning the 680 bp ScaI fragment of TOXA (Fig. 1 into a vector containing the amdS gene of Aspergillzls niddans, which confers ability to utilize acetamide (phenotype Ace'), and introduced into strain 151N5.2a by transformation. Three independent transformation experiments yielded four HygR Ace' transformants. None of these transformants had both copies of TOXA disrupted.
Some of the difficulty in obtaining strains with both copies of TOXA disrupted could be attributed to the relatively poor growth of the transformant strains 151N5.2a and 151N7.2a. The poor growth phenotype observed in the primary transformants could be segregated away from the TOXA disruptions by outcrossing to the wild-type strain, 243-1A. Strain 392-4a, one of the outcrossed progeny bearing a disruption in TOXA-1, was used in further attempts to obtain a strain with both copies of the T O X A gene disrupted.
One of the limitations in obtaining strains disrupted at both copies of TOXA might be the preferential integration of the second transforming plasmid at the same copy as the first transforming plasmid, since singlecrossover integration creates a duplicated target site. Strains with single disruptions of either TOXA-1 or TOXA-2 were therefore transformed with a new amdS disruption vector, pjP21, which was constructed by subcloning the 707 bp NruI-PutlII TOXA fragment ( Fig.  1 ) into pAMD72. The internal TOXA fragments of pJP21 and pCC151 do not overlap (Fig. 1) . Strain T394-4A, which is 243-1A with pJP21 integrated at TOXA-2 (TOXA-l+/TOXA-2-:am&), was transformed with pCC151 and 19 HygR Ace' transformants were isolated.
Strain 392-4a (TOXA-1-: hph/ TOXA-2') was transformed with pJP21, and 14 HygR Ace' transformants were isolated from two independent transformation experiments. DNA gel blotting with a TOXA-specific probe revealed that all of the transformants still had one intact copy of T O X A (Fig. 8) . In every case, the site of integration of the second disruption vector was either at the previously disrupted copy or at an ectopic site.
Genetic analyses of TOXA-disrupted strains
The experiments described above indicate that in HC- Table  2 ). The genetic distance calculated from this experiment is 0.45 map units, not the predicted 12 map units. Crosses between strains bearing marked copies of the adjacent HTSI gene verified the observed genetic interval between the two copies of TOXA (Table 2 ). This degree of recombination is too low to serve as a practical test of the essentiality of TOXA.
At physiological concentrations (2-25 pg ml-'), HC-toxin does not inhibit radial growth on agar of either Tox' or Tox-isolates of C. carbonurn. At very high concentrations (> 100 pg ml-'), HC-toxin inhibits radial growth of Tox' and Tox-isolates equally (data not shown). Therefore, T O X A does not appear to protect C. carbonurn against exogenous HC-toxin.
DISCUSSION
T O X A , a gene present in two copies each tightly linked to a copy of the HC-toxin biosynthetic gene HTSI, encodes a hydrophobic protein with strong primary and secondary structure similarity to antibiotic pumps of the major facilitator superfamily. We propose that the function of the T O X A protein is to secrete HC-toxin from C. carbonzlm. To the best of our knowledge this is the first report of an efflux pump associated with a secondary metabolite of the cyclic peptide class. TOXA does not have any essential role in primary cellular metabolism since it is completely lacking in Tox-isolates, but several unsuccessful attempts to disrupt both copies of T O X A in to one or more of the genes involved in the biosynthesis of the molecule on which the pump acts. In Streptomyces coelicolor, the mmr gene encoding resistance to methylenomycin is divergently transcribed from a methylenomycin biosynthetic gene (Neal & Chater, 1987) . In Streptomyes glaucescens, the tcmA gene, which encodes an integral membrane efflux pump, is divergently transcribed from the tcmR gene, which encodes a regulator of the biosynthesis of the polyketide tetracenomycin C (Guilfoile & Hutchinson, 1992b (Johnstone e t al., 1990) and the genes involved in quinate/shikimate metabolism in Neurospora crassa (Geever et al., 1989) .
Cercospora kikucbii, a pathogen of soybean, produces the non-selective polyketide toxin cercosporin. Light stimulates production of cercosporin, and a light-enhanced cDNA from C. kikucbii was recently shown to encode a protein whose sequence, like the product of T O X A , is very similar to SGEI and other members of the major facilitator superfamily (Callahan & Upchurch, 1995) .
